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Abstract
In this review article, the authors explore a broad spectrum of subjects associated to 
marine snails of the genus Phorcus Risso, 1826, namely, distribution, habitat, behaviour 
and life history traits, and the consequences of anthropological impacts, such as fisheries, 
pollution, and climate changes, on these species. This work focuses on discussing the 
ecological importance of these sentinel species and their interactions in the rocky shores 
as well as the anthropogenic impacts to which they are subjected. One of the main anthro-
pogenic stresses that affect Phorcus species is fisheries. Topshell harvesting is recognized 
as occurring since prehistoric times and has evolved through time from a subsistence to 
commercial exploitation level. However, there is a gap of information concerning these 
species that hinders stock assessment and management required for sustainable exploi-
tation. Additionally, these keystone species are useful tools in assessing coastal habitat 
quality, due to their eco-biological features. Contamination of these species with heavy 
metals carries serious risk for animal and human health due to their potential of biomag-
nification in the food chain. Thus, the use of these species as bioindicators is warranted 
to the establishment of conservation measures targeting marine coastal environments. 
Climate change increases the level of environmental stress to which intertidal organ-
isms are subjected to, affecting the functioning of biological systems at different levels of 
organization. Phorcus species have been widely used as indicators of the effect of climate 
change on local disturbances of intertidal ecosystems and geographic distribution shifts 
of these organisms. Further studies concerning biological parameters of Phorcus species 
and how they react to exploitation, pollution, and climate change will consolidate these 
species as indicators of large-scale ecological impacts of anthropogenic activities.
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1. Introduction
Topshells are marine gastropods that inhabit the rocky shores. These marine snails together 
with limpets and winkles are the most successful algal grazers present in the intertidal of the 
Northeastern Atlantic and Mediterranean Sea [1]. Topshells occupy the rocky sea shores from 
the supratidal to the subtidal, one of the most extreme, heterogeneous, and dynamic environ-
ments in nature that expose these organisms to different levels of thermal and hydric stresses 
[2, 3]. These unpredictable environmental conditions are therefore responsible for many of 
their peculiar morphological and biological characteristics that can be perceived as adapta-
tions to the intertidal environment [4]. The marine snails of the genus Phorcus are ecologically 
important algae grazers that play a major role in regulating the ecological balance of their 
habitat and have often been used as biological indicators in evaluating the consequences of 
anthropogenic impact on this ecosystem [4, 5].
The diversity and ecological importance of the genus Phorcus prompted intensive research 
over the past years. Recently, this genus was redefined by Donald et al. [5] to include species 
previously under the genus Monodonta Lamarck, 1799, or Osilinus Philippi, 1847, allowing to 
trace the biogeographic history of this genus’ origin to 40–20 Ma, prior to the closure of the 
Tethyan Seaway.
Intertidal invertebrates’ life history traits vary inter- and intraspecifically because of genetic 
differences and environmental effects. Growth, reproductive strategy, and mortality depend 
on a complex combination of selective forces and are fundamental to understand the distri-
bution and abundance of these species along the intertidal [6, 7]. As such, knowledge of life 
history traits of Phorcus populations provides important information required to understand 
how these species adapt to an ever-changing environment, whether because of human activi-
ties, such as fisheries, habitat disturbance, pollution and climate change, or natural causes.
One of the main causes of disturbance in the intertidal ecosystem is the harvest of gastro-
pods in the rocky shores, which has occurred since prehistorical times, resulting in shifts in 
abundance and/or size structure of these species. Another cause of disturbance is the con-
tamination of coastal waters, by the presence of unnatural chemicals, as a result of industrial 
spillage and sewage discharges among others. Gastropod molluscs are frequently used as 
bioindicators to assess the health status of the coast and determine the effect of marine pollu-
tion [8]. Walsh et al. [9] recorded that these sentinel species have the potential to act as a useful 
biomonitoring system of pollutants in the marine environment. As such, they act as pollution 
indicators by tracing metals, providing information required for the establishment of protec-
tive measures of the ecosystem.
Phorcus species are recognized as good bioindicators of water quality due to their reduced 
mobility, easy sampling, adequate size for tissue analysis, widespread distribution, abun-
dance all year-round, and ability to accumulate high metal concentration in their shell and 
tissues, reflecting heavy metal availability in coastal waters [10, 11].
Global climate change also causes disturbance in the intertidal ecosystem that results in 
changes in the geographical distribution of marine gastropods. Intertidal invertebrates are 
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known to respond to climate change through alterations in biogeographic distributions 
following a latitudinal gradient, from warmer towards cooler regions. Phorcus species are 
bioindicators and changes in their distribution have been successfully linked to hypothesis 
of climate change on Northeastern Atlantic shores, particularly in species presently at their 
northern limits, which may be expected to move further north as the coastal waters continue 
to warm, as has happened in the last decades.
The aim of this work is to compile and review a wide array of subjects related to Phorcus 
species biology and ecology, comprising anatomy, growth, reproduction, mortality, behav-
iour, and ecological role and also to evaluate and discuss the consequences of anthropological 
impacts such as fisheries, pollution, and climate changes on these keystone species and their 
potential as bioindicators of the effect of human activities on coastal marine environments.
2. Biology and ecology of topshells
2.1. Anatomy
Gastropods are comprised essentially of two main parts: the shell and the body. These asym-
metrical molluscs have a twisted, spirally coiled shell around its body, which protects them 
from biotic and abiotic factors present in their environment, and a corneous or calcareous 
operculum, a flat plate that rests on the upper dorsal side of the foot that acts as a supporting 
pad for the shell. When the snail actively moves or blocks the aperture, the body withdraws, 
protecting the animal from predators and preventing water leakage in exposed rocky shores 
[12, 13].
In topshells, the shell is complete and usually pyramidal, moderately large, conical to globose 
in shape, with rounded to angular body whorls and often with a flattened base and an interior 
consisting of mother-of-pearl. This structure is formed in the embryonic stage, with the secre-
tion of protein fibres from the outer skin of the visceral mass and from the mantle, while they 
are free-swimming larvae and they are followed by the secretion of calcium carbonate from 
the same cells. Posterior to the embryonic phase, the shell continues to grow through the addi-
tion of a protein mesh and calcium carbonate mostly on its margins but also on its interior. 
Shell growth is not continuous and it frequently leaves different growth lines since maturity 
and adverse environmental conditions may cease growth. The shell offers refuge both from 
predators and from desiccation being impervious to gasses and liquids and resistant to crush-
ing [12–14]. Colour patterns of the shell are usually highly variable in topshells and are mostly 
related to diet rather than to genetic control (Figure 1) [12].
The soft body consists of two compartments connected by a waist and present a dark ash 
colour with a greenish tint [15]. The lower compartment encompasses the muscular foot and 
the head. The foot is used for locomotion over the substrate, swimming, jumping, and return-
ing the animal to an upright position when overturned. Also, it helps to detect food. The 
upper compartment is used for respiration, digestion, excretion, gamete production, and shell 
secretion. The body of these organisms comprises a head with a short snout, a pair of conical 
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and papillate tentacles, cup-shaped open eyes on distinct stalks, a foot, a muscular ventral 
organ with a flattened base used for locomotion, and a visceral mass, which fills dorsally the 
spire of the shell and contains most organ systems and the mantle, a collar-like tegument, 
which lines and secretes the shell, and forms a mantle cavity normally provided with respi-
ratory gills for breathing in water and a well-vascularised mantle cavity, which allows the 
animals to breathe in air [13, 14].
2.2. Taxonomy and geographic distribution
Phorcus Risso, 1826, are herbivorous marine snails (Gastropoda: Prosobranchia) belonging 
to the family Trochidae Rafinesque, 1815, that inhabit rocky shores from the Mediterranean 
Sea through the Northeastern Atlantic Ocean including the Macaronesian Archipelagos of 
Madeira, Canaries, Azores, and Cape Verde [14].
This genus of gastropod grazers is currently represented by nine recognized living species 
[5, 6] and is comprised of Phorcus articulatus (Lamarck, 1822), Phorcus atratus (Wood, 1828), 
Phorcus lineatus (da Costa, 1778), Phorcus mariae Templado & Rolán, 2012, Phorcus mutabilis 
(Philippi, 1851), Phorcus punctulatus (Lamarck, 1822), Phorcus richardi (Payraudeau, 1826), 
Phorcus sauciatus (Koch, 1845), and Phorcus turbinatus (Born, 1778) [1, 5].
There is a clear separation between the species of Phorcus that occur in the Atlantic and the 
Mediterranean. This split distribution is thought to result from the barrier imposed by the 
Strait of Gibraltar, since there is no species overlap in the adjacent area, and the nearby 
Alboran front that act as biogeographic breaks for animals with short larval stages, such as 
P. lineatus, whose lecithotrophic veliger larvae remain in the water column for, at the most, 
6–7 days [5, 14, 16]. As such, four species of this genus are restricted to the Mediterranean 
Sea, specifically P. turbinatus, P. mutabilis, P. articulatus and P. richardi and the remaining five 
species occur in the Northeastern Atlantic Ocean, namely P. lineatus, P. sauciatus, P. atratus, 
P. punctulatus, and P. mariae (Figure 2) [5].
In the North Atlantic Ocean, P. lineatus is the species that reaches the northernmost geographic 
limits of the genus Phorcus in North Wales and Ireland and P. punctulatus the southernmost 
limits in Senegal. P. mariae is restricted to Cape Verde archipelago, P. atratus to the Canaries 
archipelago and Selvagens Islands, and P. punctulatus to Senegal [1, 5, 14]. P. lineatus has a 
wide distribution ranging from North Wales and Ireland to Morocco and P. sauciatus includes 
Figure 1. Shell phenotypic variability of Phorcus sauciatus. A – Portugal mainland, B – Madeira Island, C – Gran Canaria 
Island.
Biological Resources of Water144
the Macaronesian archipelagos of Madeira, Canary, and Azores with its northern boundary 
in the Iberian Peninsula and its southern limit in the African mainland, with negligible genetic 
differentiation between them, suggesting either recent or continuing dispersal among these 
areas [5, 18, 19].
Concerning the geographic distribution of the genus Phorcus in the Mediterranean Sea, 
P. turbinatus occurs from Spain to Cyprus, P. articulatus from Spain to Tunisia, P. richardi 
from Spain to Croatia, and P. mutabilis from Italy to Turkey [5].
Topshells as limpets are subject to an array of environmental stresses due to their extended 
vertical distribution, which ranges from the upper to the lower shore levels. Thus, these 
organisms can exhibit varying degrees of structural adaptations since their position relative 
to the shore influences their exposure to desiccation, hydrodynamic action of the waves, tem-
perature variation, and tidal width [20–23], resulting in a wide array of intraspecific pheno-
typic variability.
2.3. Respiratory system
Marine snails of the genus Phorcus have a gill for water breathing and a well-vascularised 
mantle cavity, which allows the animal to breathe in the air [14]. The mantle cavity placed 
between the body and its overhanging mantle skirt is constituted by a single gill in the front 
part of the mantle cavity and thin-walled organs that absorb oxygen from the sea water [12].
The marine snails’ blood, the haemolymph, contains haemocyanin, a copper-containing pro-
tein that can fix and transport two to three times more oxygen, from the gills to the heart, 
than organisms without this protein. The heart pulsations push the oxygen-rich blood over 
a closed system of arteries that lead the blood to a system of open arteries, without epithelial 
Figure 2. Shells of the nine species of the genus Phorcus. A – Phorcus sauciatus from Madeira archipelago, B – Phorcus 
lineatus from mainland Portugal, C – Phorcus atratus from Selvagens Islands, D – Phorcus mariae from Cape Verde 
archipelago, E – Phorcus punctulatus from Senegal (NMR 36429) [17], F – Phorcus articulatus from Spain (NMR 36447) 
[17], G – Phorcus mutabilis from Greece (NMR 36658) [17], H – Phorcus richardi from Greece (NMR 36669) [17], I – Phorcus 
turbinatus from Greece (NMR 36606) [17]. Images E, F, G, H, and I by Joop Trausel and Frans Slieker and available online 
at NMR – Natural History Museum Rotterdam [17].
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walls, that surround the viscera and the muscles covering all organs with oxygen-rich blood. 
The body organs receive the oxygen from the haemolymph and release carbon dioxide into it, 
which then returns to the gills, via a system of veins, where it releases the carbon dioxide and 
again receives oxygen [12].
2.4. Feeding habits, behaviour, and ecological importance
Molluscan grazers are known to have an important influence on the overall structure of ben-
thic marine communities, because of the influence and control they exert on algae [24, 25]. 
Removal of grazers often leads to an imbalance on the population dynamics of the species 
involved on the rocky shores ecosystem, due to a dramatic development of seaweed beds [25].
Topshells, winkles, and limpets form a guild of microphagous herbivores that feed on micro-
bial biofilms, by grazing the rocky substrate with the radula, a specialized rasping organ 
unique to molluscs, on which successive rows upon rows of backwards-pointing teeth are 
placed. The teeth crack, break, and wear away during use, by the food or the hard substrate 
from which the sea snail scrapes [12]. Marine snails can all be found together, grazing on the 
open shore, and it is probable that these various snail species do not feed in exactly the same 
place, at the same time, in the same manner, or on exactly the same food [14] in order to avoid 
interspecific competition. The feeding adaptations between these species can be behavioural 
through spatial differentiation or anatomical through adaptations in the radula. Among these 
species, radulae show different hardness and patterns, being multi–fine-toothed rhipidoglos-
san in topshells, less complex taenioglossan in winkles, and simple docoglossan in pattelid 
limpets; therefore, it is easy to conclude they feed in different ways [14].
In several species of sea snails, the digestive fluids contain the cellulase enzyme that breaks 
down cellulose. This is one of the very few cases throughout the animal kingdom of an 
animal producing an enzyme capable of breaking down cellulose [12]. Feeding behaviour 
in topshells is assumed to occur at night or during high tide as stated by Crothers [14] for 
P. lineatus. Food particles are gathered by the radula, squashed by the jaws, and then trans-
ported inward into the mouth where the digestive track begins, in the front of the body, and 
then transported back along the body through the oesophagus to the stomach where most 
of digestion occurs, and finally, digested food loops and descends forwards to the intestine 
where faeces are formed and expelled by the anus, which drains into the mantle cavity, at 
the front of the body [12].
Common topshells and edible winkles swing their head from side to side while crawling and 
may leave grazing tracks on the rock surface and visible slime trails. Usually, the more active 
species secrete a thicker layer on which to crawl and this may show up as a pale band over the 
rock surface. Trail-following, namely the crawling over existing mucus trails, will reduce the 
expense of producing a mucus trail. These trails might also be used to locomote back home, 
to find mates, and to assist in feeding, by trapping food particles from the water column [12]. 
Marine snails crawl by squeezing the front end of the foot against the substrate and by means 
of a ripple of muscle contraction, pass that point of contact forcing the mass of the snail for-
wards. In topshells, the two halves of the foot work independently of each other, out of phase, 
producing a characteristic slime trail [26].
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Contrary to limpets, topshells are active at low tide and respond very rapidly to changes in 
weather conditions, moving out into the open when the sun shines and hiding from rain or 
cold winds in crevices or under boulders [26]. These species are limited in their vertical zona-
tion by their tolerance to temperature variation; as such, they undertake vertical migrations 
up and down the shore over the seasons [27].
Wave action also acts as a limiting factor on suspension feeders and on semisessile and sessile 
organisms that are favoured on exposed conditions, since the water movement allows the 
flow of food, propagules, nutrients, and preys to these organisms. However, in these habitats, 
the increase of exposure to wave action involves an increase on the risk of dislodgement and 
physical damage, limiting the range of susceptible and physically fragile species [2]. In order 
to overcome the adverse conditions of the exposed areas, intertidal gastropods inhabiting 
these areas have a thin and smooth shell with large aperture due to the large foot required 
to cope with the higher risk of wave displacement and to be able to maintain a firm hold 
on rocky surfaces [28, 29]. In dangerous circumstances, a snail withdraws into its shell and 
adheres firmly to the substrate, so as to not be detached by waves or predators [12]. In the 
Northeastern Atlantic, P. lineatus is usually used as an indicator of sheltered rocky shores [30] 
contrary to P. sauciatus that seems to be more tolerant to wave action being found lower on 
the shore but also able to establish on sheltered zones [18]. The anatomic features of these two 
species corroborate this hypothesis since P. sauciatus’ thinner shell, larger foot, and conse-
quently large aperture imply that this species is more tolerant to wave action than P. lineatus 
with thicker shell and smaller aperture. On the other hand, these anatomic differences result 
in P. sauciatus being less tolerant to desiccation than P. lineatus.
2.5. Growth
Growth is a key variable in determining the survivability of any given animal, and it is impor-
tant to understand the factors that drive it [31]. Biological parameters such as growth rate, 
asymptotic length, longevity, and age structure reflect the overall state of health of a popula-
tion and are commonly used as stock assessment tools of exploited marine organisms [4]. 
In gastropods, growth rates have been determined through several features such as growth 
lines and rings in shells [32, 33], opercula [34], and statoliths [35]. Size and age of topshells are 
positively related, thus allowing to investigate population structure [36].
Size and growth rates in the species of the genus Phorcus are influenced by fluctuations in food 
supply [26, 37], competition [38], and wave action [39], while population density is mainly 
controlled by the successful settlement of larvae and predation [26, 38]. The oceanographic 
current systems are known to be largely responsible for the water temperature and nutrients 
of the coastal ecosystems, which mark the distribution and behaviour of organisms through-
out the coastlines [2]. As such, temperature also influences growth in the species of the genus 
Phorcus. For instance, Crothers [14] and Mannino et al. [40] observed that a decrease in water 
temperature promotes a metabolic deceleration, resulting in the interruption of growth dur-
ing the winter in P. lineatus. However, after this season, growth continues rapidly through 
the year, slowing only in the next winter. In general, in the first year, the growth rate of this 
species is high and decreases thereafter [14] as a possible result of achieving sexual maturity. 
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In the first six months postsettlement, specimens can grow up to 8 mm diameter, reaching 
11–15 mm by the end of the year [41]. Although the growth rates slow down dramatically after 
the achievement of sexual maturity, since energy is mostly directed towards reproduction, 
growth continues throughout the life cycle of this species. In habitats with low abundance, 
P. lineatus grows rapidly to a large size and reaches maturity early but has lower longevity. 
While individuals that live in habitats where they are more abundant grow slowly, they do 
not achieve great size and may live to an older age. These differences in growth are likely 
related to different levels of food availability depending on population density, which in turn 
is related to settlement success and predation evasion [26]. The specimens of this species have 
been known to reach a size of 34 mm in shell height and a longevity of 15 years of age in 
southern Britain [36]. P. sauciatus have approximately the same size range of P. lineatus. For 
instance, in the Madeira archipelago, P. sauciatus size ranges from 2 to 28 mm (pers. obs.); 
in the Canary Islands, this species size ranges from 5 to 26 mm [42]; and in the Portuguese 
mainland coast, its size ranges from 7 to 24 mm (pers. obs.). There is, however, a great gap in 
knowledge concerning life history parameters of Phorcus species. Most studies focused on P. 
lineatus due to their wide geographical distribution spanning from Morocco to North Wales/
Ireland. Life history parameters such as growth rates, asymptotical length, size at first matu-
rity, recruitment patterns, and mortality of Phorcus species are likely to differ inter- and intra-
specifically as a result of different biotic and abiotic factors. Further studies on the biology and 
population dynamics of Phorcus are therefore required in order to guarantee the implemen-
tation of successful conservation strategies and a sustainable exploitation based on effective 
management measures.
2.6. Reproduction
Topshells’ reproductive system is usually strikingly simple, with a genital duct opening into 
the mantle cavity through the right kidney. Sea snails commonly have separate sexes but 
these species are not externally sexually dimorphic and sex determination is only possible 
through macroscopic observation of the gonads. Internally, the most reliable character for 
sorting them is the appearance of the urogenital aperture. In males, the lips of this organ are 
unpigmented and smaller, while in females, the lips are yellow and swollen. Nevertheless, in 
the ripe state, males have cream testis and females greyish-green ovary covering the digestive 
gland and viscera [43, 44], being therefore easily differentiated in the breeding state. The lobes 
of the gonad, whether ovary or testis, lie near the apex of the visceral hump, among the lobes 
of the digestive tube, and they drain into the pericardium [12].
Prior to the breeding season, adults migrate up shore to the high eulittoral zone. It seems that 
this migration brings the animals into a region of higher temperature required for spawn-
ing. An increase in temperature may stimulate spawning as suggested by Desai [44] who 
observed that adults that have migrated furthest up shore were the first to spawn.
In fact, spawning in intertidal organisms seems to be promoted by environmental triggers such 
as temperature, high wind speed, and wave action. Biological factors as an increase in phyto-
plankton concentration may also stimulate spawning as occurs in limpets [38, 45]. As such, 
breeding stages of a given species may differ according to their geographical position. In fact, in 
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the northernmost range limit, breeding seasons are shorter with a single spawning period, while 
in southern regions, the breeding season is longer with multiple spawning events [46, 47]. For 
instance, in P. lineatus from Austurias, Spain, the gonadal development occurs from November 
to June and the breeding stages from June to September and may last until November in some 
specimens [46]. Spawning occurs between May and August [48]. Further north in Wales, the 
same species is reported to have a shorter spawning season, lasting from July to August [14]. 
On the other hand, P. turbinatus that occurs in the Mediterranean Sea appears to have a longer 
breeding period with two spawning events in spring and autumn [49].
Fertilisation is external, with both sexes releasing their gametes into the sea and the whole 
process occurs directly in the water. During the reproductive season, males and females 
approach each other and then females send out chemical signals, leading to sperm being 
discharged in the water by males, which in turn stimulates females to release the oocytes 
[12]. According to Desai [44], males discharge clouds of spermatozoa that become very active 
2 or 3 minutes after being released, and females liberate oocytes separately, a few at each 
spasm. This process of external fertilisation, regarded as a primitive trait in snails, becomes a 
high-risk strategy and improbable to succeed unless the species is locally common [14]. The 
fertilised egg develops within approximately a day and becomes trochophore larvae, which 
are capable of independent locomotion. The veliger larvae enclosed in a tiny shell develop in 
one or two days. At metamorphosis, the veliger turns upside down with the foot becoming 
ventral and the shell dorsal. Posterior to the snail’s development, the back dorsal rotates in 
180° anticlockwise in relation to the head and foot. Veliger larvae remain in the water column 
for at most 6–7 days [5, 14, 16], and at settlement, the shell measures a little over 1 mm across 
[14]. According to Heller [12], the trochophores of the genus Phorcus hatch down shore, within 
approximately one day and the veliger settles 4–5 days with about 1 mm. For P. lineatus in 
the United Kingdom, the recruits achieve 5–6 mm shell length by the first autumn and are 
detected on the bare rock between September and November and recognized, with 6–14 mm, 
through their first year [33].
The gap in size at settlement and size at first capture reported for topshells may be understood 
as a potential argument for the existence of nursery areas, underneath boulders or fissures, in 
which small juveniles are much commoner, but there appears to be no uniform pattern [14]. For 
instance, in Madeira archipelago, the juveniles of P. sauciatus are commonly found under boul-
ders, with the smallest individuals having 2 mm in diameter (pers. obs.). These boulders may 
function as a nursery for topshell juveniles as they provide protection against abiotic factors, such 
as wave action and desiccation, and biotic factors, such as predation and substrate competition.
3. Anthropogenic impacts on the genus Phorcus
3.1. Harvesting
Intertidal and shallow-water grazers are extremely vulnerable organisms because of their lim-
ited habitat and their accessibility to human activity [50]. Hunter-gatherers have exploited 
intertidal grazers, since prehistoric times, and there are evidences that the densities and the 
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maximum sizes of several species were reduced by the exploitation [51, 52]. Studies per-
formed in Northern Spain showed that topshells and limpets were collected, at subsistence 
exploitation levels, from intertidal areas of exposed shores, leading to the formation of huge 
shell middens [53]. In fact, intertidal resources have always been collected by humans as food 
supplement or used as a bargaining chip with other products worldwide [54, 55].
Several studies were carried out aiming to investigate the temporal patterns of worldwide 
topshell exploitation. A proven approach to study these temporal patterns of prehistoric shell-
fish exploitation is the analysis of the oxygen isotopic ratio (d18O) of the latest growth incre-
ment of mollusc shells [56, 57]. Variations in oxygen isotope ratios from shell carbonates are 
mostly dependent on sea surface temperature (SST), which enables the estimation of tempera-
tures during periods of shell growth and helps to determine the season of the year when the 
mollusc died [58]. Colonese et al. [59] applied this approach to the topshell P. turbinatus from 
archaeological sites in Italy and concluded that Mesolithic P. turbinatus exploitation was car-
ried out almost exclusively during the colder and intermediary seasons, with very sporadic 
harvesting during the warmer seasons.
The same approach has been followed by Gutiérrez-Zugasti et al. [58] that confirmed the 
potential of oxygen isotope analysis on P. lineatus for paleoclimate reconstruction and also 
showed that the aragonite of those shells grew under conditions of isotopic equilibrium, open-
ing new avenues for future research. This species is commonly found in Holocene archaeo-
logical deposits of Atlantic Europe and is one of the most abundant subsistence resources 
utilized during the Mesolithic in northern Spain.
Continued exploitation of these species is likely to incur in shifts on size and shape over time. 
Colonese et al. [59] observed a significant change in shell shape of P. turbinatus, with slender 
Mesolithic shells being replaced by squatter forms in the Meso-Neolithic. These differences 
were explained with collection shifting from sheltered shores in the Mesolithic to exposed 
rocky shores in the Meso-Neolithic, thus confirming the potential effect of human collection 
on size and shape of this exploited species.
In recent times, however, the pattern of exploitation has changed both quantitatively and 
qualitatively, due to the expansion of human population, to the commercial value of sev-
eral species and to the industrial development that facilitated shipping and flying products 
around the world [25]. Limpets, abalones, chitons, winkles, and topshells are common gas-
tropods of intertidal rocky shores; however, some species are in serious decline mainly as a 
consequence of overexploitation [60]. The exploitation of these resources has plentiful direct 
and indirect effects on the trophic chains of marine ecosystems, with potential complex cas-
cading effects [61].
The direct effects of exploitation are the decline of the exploited species´ abundance and a 
shift in size composition of their populations that results from the size-selective nature of 
harvest. Ramírez et al. [42] assessed the effects of human impacts over the abundance and 
size patterns of topshells (P. atratus and P. sauciatus) and limpets (Patella aspera Röding, 1798, 
Patella candei d’Orbigny, 1840, and Patella rustica Linnaeus, 1758), usually collected in the 
Canaries archipelago. The authors observed significant differences in size structure of these 
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species among islands, according to the level of human influence and verified that not only all 
large-sized individuals disappeared from the most populated island, but also that there was a 
decrease in numbers for the majority of size ranges, concluding that the observed differences 
among islands were mainly a consequence of the human activities. In fact, in exploited popu-
lations of broadcast spawners such as topshells and limpets, the decrease of larger individuals 
will reduce the reproductive success leading to a decrease in population abundance and, in 
extremes cases, conduct to the disappearance of the species [62, 63].
Also, differences on spatial distribution of the abundance and biomass of P. articulatus were 
observed by Cheour et al. [64] along the coast of Tunisia. The authors concluded that these 
differences were related to several anthropogenic and environmental factors.
Even though species of the genus Phorcus have been exploited by humans since prehistoric 
times, information regarding the status of exploited stocks is scarce and exploitation is gener-
ally unregulated. Recently, some efforts have been undertaken in the Canaries archipelago, 
aiming to contribute to the recovery of the stock of P. sauciatus and P. atratus in a short and 
medium term, namely by implementing a minimum capture size of 15 mm of shell longitude 
for both species [65].
Overexploitation of marine organisms prompts the implementation of management policies 
in order to protect the exploited populations and mitigate human impacts. Currently, pro-
tection of Phorcus species is mostly guaranteed by the implemented marine protected areas 
(MPAs); however, further measures should be equated especially in regions where exploita-
tion of these species is more intensive. Management measures and regulation aiming at a 
sustainable exploitation of these species are therefore warranted, as is the improvement in 
enforcement of existing legislation and involvement of all interested stakeholders; otherwise, 
protection of topshells will remain ineffective.
3.3.1. Harvest of Phorcus sauciatus in the Madeira archipelago: an historical perspective
P. sauciatus is the most abundant of the two species of the genus Phorcus described for the 
Madeira archipelago and has a wide geographical distribution, occurring in all islands includ-
ing Madeira, Porto Santo, Desertas, and Selvagens. P. atratus is also present in this archipel-
ago as the endemic subspecies Phorcus atratus selvagensis restricted to the Selvagens Islands. 
However, according to Donald et al. [5], the classification of this subspecies needs additional 
clarification.
P. sauciatus is harvested in the Madeira archipelago since early colonization times, remount-
ing back to the beginning of the fifteenth century. According to Silva and Menezes [66], P. 
sauciatus, formerly identified as Trochus colubrinus Gould, 1849, occurred in the intertidal zone 
of all the islands and was consumed salted or pickled, being imported from the Selvagens 
Islands in a relatively large quantity. This species was also used as bait for fisheries.
Nowadays, P. sauciatus continues to be caught in Madeira and Porto Santo, except in marine 
protected areas, without harvest regulation or auction obligation. The harvest of this species in 
the Madeira archipelago became more intensive due to the development of their commercial 
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exploitation supported by technological advances in methods of collection, processing, storage, 
and transportation, but also due to the increase in human population density and the acces-
sibility to the coastal zones. As such, shifts in abundance and/or size structure of this species 
occurred mainly in the south coast of Madeira Island, resulting in a reduction in abundance 
levels and sizes of the caught specimens, due to the existence of more favourable environmen-
tal conditions, higher population density, and easier accessibility.
Given the current scenario, it has become vital to know the biological and ecological traits 
of P. sauciatus in Madeira archipelago and its population dynamics. As such, the Fisheries 
Research Service from the Regional Directorate of Fisheries of the Autonomous Region of 
Madeira presently develops a full study on this species aiming to establish proper conserva-
tion strategies, in order to preserve this important keystone resource of the intertidal zone, 
that would contribute towards the reduction of the risks of overexploitation and promotion of 
a sustainable harvest of P. sauciatus in the Madeira archipelago, through the implementation 
of suitable regulation and management measures considering the biological and ecological 
specificities of this species in this region. At a first glance, the implementation of regulation 
concerning harvest techniques, maximum allowable catch weight, and minimum catch size 
should be considered and also mandatory landings. Depending on the results obtained in 
the study, other measures might have to be pursued in order to provide an adequate man-
agement for a sustainable exploitation of this resource such as the establishment of a closed 
season to ensure optimal reproductive success.
3.2. Pollution: topshells as bioindicators of habitat health
The ecological effects of increasing levels of heavy metal concentrations in the environment 
are of great concern due to their high bioaccumulative nature, persistent behaviour, and high 
toxicity [67].
The increase of human population and anthropogenic activities, such as the development of 
industry on the coastline, are the major responsible factors for pollution hot spots that occur 
predominantly close to major ports, industrial areas, and cities [68]. Maritime traffic also acts as 
a source of pollution due to the antifouling paints of boats [69]. Marine and especially coastal 
ecosystems are increasingly endangered by the large amounts of metal pollutants, arriving 
to this environment mainly by superficial runoff of rain, by direct atmospheric deposition, 
and by discharges from sewage effluents, spillage, and industrial establishments [70, 71]. 
Biological and physiological alterations in benthic communities may occur due to the toxic 
effects of metals and due to the sedentary lifestyle of these species [72]. Aquatic organisms can 
accumulate petrogenic and anthropogenic compounds such as n-alkanes, polycyclic aromatic 
hydrocarbons (PAHs), and polychlorinated biphenyls (PCBs) from the environment into their 
lipid tissues, some of which can be carcinogenic and/or highly toxic for living organisms [71]. 
Most of the comparative studies between taxonomic groups indicate that bioaccumulation of 
pollutants in molluscs is, in general, much superior than in fish [73]. Mollusc shell and tis-
sues reflect the higher degree of environmental pollution by heavy metals and are the most 
useful bioindicator tools. The metal body burden in molluscs may reflect the concentrations 
and availability of heavy metals in the surrounding water and sediment and may thus be an 
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indication of the quality of the surrounding environment [74]. These organisms accumulate 
comparatively higher concentrations of metals, both from water and sediment, because of their 
sedentary nature [67].
The worldwide increase of pollution levels on coastal zones has led to the awareness of the 
need to perform ecotoxicological research and to define sensitive bioindicators that allow 
the evaluation of contamination degrees, aiming to recommend the appropriate measures to 
conserve the ecology of the coastal areas. The species of the genus Phorcus act as sentinel spe-
cies due to their particular ecobiological characteristics, as abundance and wide geographical 
distribution, long life span, suitable dimensions, easy identification, and collection, becoming 
a useful biomonitoring system of pollutants in the marine environment and making these 
organisms suitable to measure for hazard and risk assessment. These molluscs are also sturdy 
enough to survive in laboratory and field studies and tolerant to environmental alterations 
and various contaminants [67].
P. turbinatus is generally considered as a bioindicator of metal pollution in coastal areas [69, 
75], because of their ability to tolerate temperature and salinity fluctuations and survive even in 
hypoxia [75, 76]. Boulajfene et al. [77] evaluated the degree of metal contamination in P. turbi-
natus and monitored the impact of metals on metallothioneins functioning in the Northeastern 
and the Eastern coasts of Tunisia and found that sedimentological metallic contents of copper, 
zinc, and cadmium vary according to the area where these species live. It seems that this species 
has an ability to accumulate these metals and that the metal effect on protein induction may 
be linked to physical factors such as temperature, oxygen, and copper contents in sediment. 
Boucetta et al. [78] assessed the health status of P. turbinatus on the Algerian East coast through 
the analyses of the concentrations of trace metals in this species tissue and of biomarkers such 
as the activity of acetylcholinesterase (AChE) and glutathione-S-transferase (GST) and verified 
that the alteration of the activity of AChE with the induction of GST was mainly due to the 
presence of high concentrations of trace metals and abiotic factors including salinity and pH.
In fact, several environmental factors such as water current, water flow, renewal of water, 
pH, and salinity affect the distribution of heavy metals in molluscs as reported by Grupta 
and Singh [67]. Survival is significantly affected by salt concentration and by temperature, as 
well as by the interaction between them, so that the toxicities of salts are generally enhanced 
at higher temperatures.
Other studies support the efficacy of topshells as bioindicators, such as Bordbar et al. [79] 
who investigated the impact of a ferronickel smelting plant on the coastal zone of Northern 
Greece through the study of metal bioconcentration in Patella caerulea and P. turbinatus, con-
cluding that the ferronickel smelting plant had heavily impacted the coastal zone. Another 
study on the southeast coast of Tenerife reports the use of P. atratus in the evaluation of the 
concentrations of nalkanes and PAHs in the visceral mass and demonstrated that this species 
is contaminated with a chronic background of aliphatic and hydrocarbons strongly retained 
in their lipid tissues and suggested this species as a bioindicator of petrogenic contamination 
[71]. Cabral-Oliveira et al. [80] presented further evidence by comparing the accumulation of 
trace elements in edible molluscs Mytilus galloprovincialis Lamarck, 1819, Patella ulyssiponensis 
Gmelin, 1791, and P. lineatus, between one sewage-impacted area and two reference areas in 
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central western coast of Portugal and suggested that the concentrations of trace elements in 
the soft tissues of these molluscs can be affected by the presence of sewage discharges.
Bioaccumulation of pollutants in molluscs is, in general, much superior than in fish due to their 
sedentary nature. Thus, their shell and tissues reflect the levels of environmental pollution 
and are the most useful bioindicators regarding the quality of the surrounding environment. 
As such, there is a growing interest in the use of these marine gastropods as bioindicators, 
due to their ecobiological features, both in a scientific and ecosystem management perspec-
tive. This approach will contribute to the establishment of conservation measures targeting 
marine coastal environments. Also, all species of the genus Phorcus are a food source for other 
species; therefore, if these species are contaminated there is a potential for biomagnification in 
the food chain that can carry serious risks both to wildlife and human health.
3.3. Climate change effects on intertidal communities: impacts on topshells  
of the genus Phorcus
The history of earth is riddled with events that have shaped different ages, each with spe-
cific conditions that characterized them. One of these characteristics is global temperature 
that has oscillated numerous times over the course of earths’ long history and thus shaped 
biodiversity throughout the ages. For instance, the change in mean temperature between the 
late Pleistocene (colder conditions) and the early Holocene (warmer conditions) lead to a taxa 
alteration between these two periods. The more abundant species adapted to cold water, such 
as the periwinkle Littorina littorea (Linnaeus, 1758) and the limpet Patella vulgata (Linnaeus, 
1758) in the late Pleistocene, were replaced by species better suited to warmer conditions such 
as P. lineatus, Patella depressa Pennant, 1777, and P. ulyssiponensis in the Holocene [81, 82]. A 
similar pattern is visible today in the Cantabrian coast, with a predominance of warmer spe-
cies such as P. lineatus and the absence of L. littorea [53].
Nowadays, however, global climate change is recognized as a reality, driven mostly as a 
direct consequence of human activity [83, 84], namely, through the cumulative postindustrial 
carbon emissions to the Earth’s atmosphere [85]. Known consequences of climatic change in 
the marine environment are the increasing global temperature, perturbed regional weather 
patterns with increasing wind velocity and storm frequency, rising sea levels, ocean acidifi-
cation, changed nutrient loads, and altered ocean circulation [86]. These and other physical 
consequences are affecting marine biological processes from genes to ecosystems, over scales 
from rock pools to ocean basins, impacting ecosystem services and threatening human food 
security [85]. The rates of physical change are unprecedented in some cases and biological 
changes are also likely to occur at a quick rate, although the resilience of organisms and eco-
systems is highly variable. Biological changes founded in physiological response manifest as 
species range changes, invasions and extinctions, and ecosystem regime shifts [85].
Coastal ecosystems are among the most vulnerable to climate change, especially the intertidal 
areas, which have shown faster biogeographic changes [87, 88] than those found in terrestrial 
environments [89]. Long-term monitoring studies have shown that the distribution limits of 
the intertidal biota of hard substrates have progressed towards the poles at a rate of over 
50 km per decade [88, 90, 91].
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Invertebrates and seaweeds, inhabiting the intertidal, may be particularly vulnerable to fluc-
tuating temperatures, since individuals must adapt to the extreme temperatures of both the 
terrestrial and marine environments [92]. Even in small spatial scales in the intertidal zone, 
a broad range of thermal conditions is found that may exceed the range of large latitudinal 
bands. Therefore, intertidal organisms are believed to be at the limit of their physiological 
tolerance since these organisms are sorted by zonation in which the upper limit of one species 
is set by physiological stress, and species replace one another moving up the shore [88, 93]. 
The species most tolerant to heat and desiccation live at the top of these zones [94]. Since these 
organisms are thought to live at the utmost extremes of their physiological tolerance limits, 
any changes in abiotic parameters such as temperature and air exposure time could lead to 
death or local extinction [95, 96].
On the other hand, these changes can also lead to the expansion of the range and distribu-
tion area of some species. Thus, intertidal ecosystems are thought to be among the first to 
show responses to increases in global temperatures [95, 97] and are potential environments to 
assess the effects of climate change [98].
Rising temperatures can result in increased thermal stress and desiccation at low tide and 
in latitudinal changes in species abundance and distribution. However, changes in tempera-
ture affect the rocky intertidal; for instance, rising sea levels can result in altered zonation 
of intertidal biota and compression on vertical engineered defences. Also, increased storm 
frequency can result effectively in higher levels of wave exposure, resulting in shifts in com-
munity structure, due to a replacement of grazers by filter feeders, and shifts in direction of 
trophic control [85].
Intertidal organisms are subject to other factors that can lead to significant physiological 
stress and mortality such as shifts in salinity, increased levels of siltation, and prolonged oxy-
gen or nutrient deprivation [99–102]. These factors play an important role in reproduction and 
survival of these organisms and are predicted to change in the coming decades as a result of 
global climate change. In fact, some of these changes are believed to have already occurred as 
ecological impacts on coastal ecosystems [103].
A species geographic limit reflects the interactions of organisms and their environment and 
is likely one of the first signals of the effect of climate change on the biota of the planet [89]. 
Geographical range limits impose environmental stresses, such as temperature, to popula-
tions that restrict adult survival or juvenile recruitment [88, 93]. This is related to the organ-
isms’ physiological tolerance to temperature. Exceeding these tolerance limits results in the 
organism’s death and can lead to the local extinction of a population if temperatures are 
extreme enough [89]. Changing climatic conditions results in shifts of geographical limits in 
which populations can survive and reproduce thus acting as indicators of the processes of 
long-term climate change [88, 89, 93].
Species of the genus Phorcus like other intertidal organisms are considered good indicators of 
the effects of climate change in marine ecosystems. For instance, P. lineatus has been identified 
as an indicator species for monitoring climate changes around the coasts of Western Europe 
[104] due to its extensive biogeographic distribution, ranging from North Wales and Ireland 
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to Morocco [5, 14]. Crothers in 1994 [33] showed evidences that this species has extended its 
geographical distribution range in the Bristol Channel eastwards along the Somerset coast for 
atleast 20 km in the past 50 years and suggests that it may be still advancing. In fact, a decade 
after Mieszkowska et al. [105] reported that P. lineatus and Gibbula umbilicalis (da Costa 1778) 
have undergone North and Northeastern range extensions in Britain, with the increase in 
abundance of the populations and a decrease in adult size. According to Mieszkowska et al. 
[104], the range limits of P. lineatus in the British Isles have extended by up to 55 km, between 
the 1980s and the 2000s, even though the extremely cold winter of 1963 in the west and south 
of Britain [106] prompted a cold-induced mortality [107]. The recovery of these populations 
occurred in subsequent warmer years with breeding populations being found up to and 
beyond their limits before the cold spell [105]. These shifts have been synchronous through-
out this geographic region, strongly suggesting that a large-scale factor such as climate is 
responsible for the observed changes.
The extension of northernmost geographic limits of P. lineatus in the Northeastern Atlantic is 
one among several evidences of range shifts that have been reported in recent years and is in 
accordance with Helmuth et al. [88] who reported that intertidal species range limits may be 
shifting by up to 50 km per decade.
Another possible example of geographic range extension due to climate change could be the 
colonization of Santa Maria Island in the Azores archipelago by P. sauciatus that occurred 
very recently, probably after 2009. The founder population has been able to recruit itself and 
is currently mostly constituted by specimens under 2 years of age. Presently, this species is 
restricted to the most occidental island of the Azores archipelago, the nearest island to the 
Portuguese mainland, and to the archipelagos of Madeira and Canaries where this species is 
well established since colonization times. According to the same authors, a successful coloni-
zation of the remaining islands of the Azores is predicted. Even though the driving forces that 
lead to the recent establishment of a population of this species in this island are unknown, 
there is a strong possibility that it is related to the increase of sea surface temperature (SST) in 
the Northeastern Atlantic (Figure 3) [108–110]. One of the determinants of successful repro-
duction and recruitment of P. sauciatus, a subtropical species, is sea surface temperature. 
According to Hutchins [110], subtropical species require warmers summers in order to guar-
antee reproductive success; as such, an increase in SST in Azorean waters could have played 
an important role in the successful establishment of P. sauciatus in Santa Maria Island.
Changes in the abundance and distribution of P. sauciatus could be directly or indirectly 
related to climate and oceanographic events that result in an increase of SST [18]. Historically, 
the geographic range of this species on the Northwest coast of the Iberian Peninsula is charac-
terized by the existence of a distribution gap between southern Galicia and northern Portugal 
possibly related to upwelling events in the region. The first records of P. sauciatus having colo-
nized, in the early years of the twenty-first century, at least partially its distribution gap were 
presented by Rubal et al. [18]. These authors suggested that colonization occurred from the 
east and north in westward and southward direction from South Galicia to North Portugal. 
The beginning of the expansion in the distribution of this species in South Galicia coincided 
with a warming in SST in the Northeastern Atlantic due to global warming [111, 112] by the 
end of the 1980s and early 1990s that was responsible by similar range expansion of warm 
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water species in the English Channel [103, 113]. Rubal et al. [18] suggest that the weakening 
of the upwelling since the 1940s led to an increase in SST that could have been responsible for 
the recent colonization of these regions by P. sauciatus.
These changes in oceanographic conditions could result in shifts in the distribution and abun-
dance of P. sauciatus along its northern boundary; such patterns have already been reported 
for other gastropods in this area [114] and other Phorcus species at northern latitudes [104, 105].
Climate change increases the level of environmental stress to which intertidal organisms are 
traditionally subjected to and these may severely affect the functioning of biological systems 
at different levels of organization. The reviewed works of several authors provide strong evi-
dence of the suitability of Phorcus species as indicators of global climate change. This is par-
ticularly true for populations in the geographic boundaries of these species that can expand 
up to 50 km per decade, affecting ecological interactions and community structure of the 
intertidal ecosystems. Alteration of vertical zonation of these assemblages is another conse-
quence of climate change that can be inferred using Phorcus as indicators, since these species 
occur at their physiological tolerance limits. Changes in temperature, climatic patterns, and 
oceanographic features directly affect biological processes, which can scale up to the assem-
blage level, thus affecting different levels of biological organization. For instance, reduction 
in body size and changes in reproductive cycles are recognized as universal responses of 
intertidal organisms to global warming. Further studies are required in order to provide 
information concerning biological parameters of Phorcus species and how they are affected 
by climate change, consolidating these species as indicators of large-scale ecological impacts 
of climate change.
Figure 3. Map representing the spatial variability in surface warming. The temperature anomaly (°C) is represented for 
July 2017 compared to the mean surface temperature for the period of 1951–1980 [108].




The Service Directorate of Investigation of the Regional Directorate of Fisheries of the 
Autonomous Region of Madeira (DSI/DRP) and UE FEDER (INTERREG V-A MAC 2014-2020) 
in the framework of the project MARISCOMAC under contract MAC/2.3d/097, are acknowl-
edged for providing financial support for this work. The first author (RS) was supported by a 
grant from ARDITI-OOM/2016/010 (M1420-01-0145-FEDER-000001-Observatório Oceânico da 
Madeira-OOM). The authors are grateful to Inhaki Gaztanhaga, Gonzálo- Lorenzo, and André 
Pinto for the collection of specimens from Cape Verde, Canaries archipelago, and mainland 
Portugal. The authors are also thankful to the Instituto das Florestas e Conservação da Natureza 
(IFCN IP-RAM) for providing specimens from the Natural Reserve of the Selvagens Islands.
Author details
Ricardo Sousa1,2*, João Delgado1,2,3, José A. González4, Mafalda Freitas1,5 and Paulo Henriques6
*Address all correspondence to: ricardo.sousa@oom.arditi.pt
1 Observatório Oceânico da Madeira, Agência Regional para o Desenvolvimento da 
Investigação Tecnologia e Inovação (OOM/ARDITI) – Edifício Madeira Tecnopolo, Funchal, 
Madeira, Portugal
2 Direção de Serviços de Investigação (DSI) – Direção Regional das Pescas, Estrada da 
Pontinha, Funchal, Madeira, Portugal
3 Centro Interdisciplinar de Investigação Marinha e Ambiental (CIIMAR/CIMAR), Rua dos 
Bragas, Porto, Portugal
4 Ecología Marina Aplicada y Pesquerías (i-UNAT), Universidad de Las Palmas de Gran 
Canaria, Las Palmas de Gran Canaria, España
5 Estação de Biologia Marinha do Funchal e Centro de Ciências do Mar e do Ambiente 
(MARE), Cais do Carvão, Funchal, Madeira, Portugal
6 Universidade da Madeira, Campus da Penteada, Funchal, Madeira, Portugal
References
[1] Templado J, Rolán E. A new species of Phorcus (Vetigastropoda, Trochidae) from the 
Cape Verde Islands. Iberus. 2012;30(2):89-96
[2] Raffaelli D, Hawkins S. Intertidal Ecology. 2nd ed. Netherlands: Kluwer Academic 
Publishers; 1999. 356 p
Biological Resources of Water158
[3] Ramírez R, Tuya F, Sánchez-Jerez P, Fernández-Gil C, Bergasa O, Haroun RJ, Hernández-
Brito JJ. Population structure and spatial distribution of the gastropod molluscs Osilinus 
atrata and Osilinus sauciatus in the rocky intertidal zone of the Canary Islands (Central 
East Atlantic). Ciencias Marinas. 2005;31(4):697-706. DOI: 10.7773/cm.v31i4.35
[4] Henriques P, Delgado J, Sousa R. Patellid limpets: An overview of the biology and con-
servation of keystone species of the rocky shores. In: Ray S, editor. Organismal and 
Molecular Malacology. 1st ed. Croatia: InTech; 2017. p. 71-95. DOI: 10.5772/67862
[5] Donald KM, Preston J, Williams ST, Reid DG, Winter D, Alvarez R, Buge B, Hawkins SJ, 
Templado J, Spencer HG. Phylogenetic relationships elucidate colonization patterns in the 
intertidal grazers Osilinus Philippi, 1847 and Phorcus Risso, 1826 (Gastropoda: Trochidae) 
in the northeastern Atlantic Ocean and Mediterranean Sea. Molecular Phylogenetics and 
Evolution. 2012;62(1):35-45. DOI: 10.1016/j.ympev.2011.09.002
[6] Stearns SC. The Evolution of Life Histories. 1st ed. Oxford: Oxford University Press; 
1992. 249 p
[7] Begon M, Harper JL, Townsend CR. Ecology: Individuals, Populations and Communities. 
2nd ed. Oxford: Blackwell Scientific Publications; 1996. 945 p
[8] Campanella L, Conti ME, Cubadda F, Sucapane C. Trace metals in seagrass, algae and 
molluscs from an uncontaminated area in the Mediterranean. Environmental Pollution 
2001;111(1):117-126. DOI: 10.1016/S0269-7491(99)00327-9
[9] Walsh K, Dunstan RH, Murdoch RN. Differential bioaccumulation of heavy metals and 
organopollutants in the soft tissue and shell of the marine gastropod, Austrocochlea con-
stricta. Archives of Environmental Contamination and Toxicology. 1995;28(1):35-39
[10] Rainbow PS. Ecophysiology of trace metal uptake in Crustaceans. Estuarine, Coastal 
and Shelf Science. 1997;44:169-175. DOI: 10.1006/ecss.1996.0208
[11] Wang WX, Ke C. Dominance of dietary intake of cadmium and zinc by two marine 
predatory gastropods. Aquatic Toxicology. 2002;56:153-165. DOI: 10.1016/S0166-445X 
(01)00205-3
[12] Heller J. Sea Snails. A Natural History. 1st ed. Switzerland: Springer International Publi-
shing; 2015. 354 p. DOI: 10.1007/978-3-319-15452-7
[13] Poutiers JM. Seaweeds, corals, bivalves, and gastropods. In: Carpenter KE, Niem VH, 
editors. FAO Species Identification Guide for Fishery Purposes. The Living Marine 
Resources of the Western Central Pacific. 1st ed. Rome: FAO; 1998. p. 364-382
[14] Crothers JH. Common topshells: An introduction to the biology of Osilinus lineatus with 
notes on other species in the genus. Field Studies. 2001;10:115-160
[15] Jeffreys JG. Shells. In: Jeffreys JC, editor. British Conchology: Or, an Account of the 
Mollusca Which Now Iinhabit the British Isles and the Surrounding Seas. London: Van 
Voorst; 1865. p. XIV-IXXVIII
Marine Snails of the Genus Phorcus: Biology and Ecology of Sentinel Species for Human Impacts…
http://dx.doi.org/10.5772/intechopen.71614
159
[16] Patarnello T, Volckaert FAMJ, Castilho R. Pillars of hercules: Is the Atlantic-Mediterranean 
transition a phylogeographical break? Molecular Ecology. 2007;16:4426-4444. DOI: 
10.1111/j.1365-294X.2007.03477.x
[17] Natural History Museum Rotterdam [Internet]. 2017. Available from: https://www.nmr-
pics.nl/ [Accessed: Sep 11, 2017]
[18] Rubal M, Veiga P, Moreira J, Sousa-Pinto I. The gastropod Phorcus sauciatus (Koch, 
1845) along the north-west Iberian Peninsula: Filling historical gaps. Helgoland Marine 
Research. 2014;68:169-177. DOI: 10.1007/s10152-014-0379-2
[19] Ávila SP, Madeira P, Rebelo AC, Melo C, Hipólito A, Pombo J, Botelho AZ, Cordeiro R. 
Phorcus sauciatus (Koch, 1845) (Gastropoda: Trochidae) in Santa Maria, Azores archipelago: 
The onset of a biological invasion. Journal of Molluscan Studies. 2014;4:1-6. DOI: 10.1093/
mollus/eyv012
[20] Moore HB. The relation of shell growth to environment in Patella vulgata. Proceedings of 
the Malacological Society of London. 1934;21(3):217-222
[21] Davies PS. Effect of environment on metabolic activity and morphology of Mediterranean 
and British species of Patella. Pubblicazioni Della Stazione Zoologica di Napoli. 1969; 
37:641-656
[22] Bannister JV. Shell parameters in relation to zonation in Mediterranean limpets. Marine 
Biology. 1975;31:63-67. DOI: 10.1007/BF00390648
[23] Boukhicha J, Kalthoum O, Hassine B, Tlig-Zouari S. Morphological evidence for adaptive 
diversification of sympatric Mediterranean Patella limpets. Rapport de la Commission 
International de la Mer Méditerranée. 2013;40:686
[24] Creese RG. Ecology of molluscan grazers and their interactions with marine algae in 
north-eastern New Zealand: A review. New Zealand Journal of Marine and Freshwater 
Research. 1988;22:427-444. DOI: 10.1080/00288330.1988.9516314
[25] Branch G, Moreno C. Intertidal and subtidal grazers. In: Siegfried R, editor. Rocky Shores: 
Exploitation in Chile and South Africa. Berlin: Springer-Verlag; 1994. p. 75-100
[26] Crothers J. Snails on Rocky Sea Shores. 1st ed. Exeter: Pelagic Publishing; 2012. 97 p
[27] Little C, Kitching JA. The Biology of Rocky Shores. 1st ed. Oxford: Oxford University 
Press; 1996 252 p
[28] Trussell GC. Phenotypic plasticity in the foot size of an intertidal snail. Ecology. 
1997;78(4):1033-1048. DOI: 10.2307/2265856
[29] Rolán E, Guerra-Varela J, Colson I, Hughes RN, Rolán-Alvarez E. Morphological and 
genetic analysis of two sympatric morphs of the dogwhelk Nucella lapillus (Gastropoda: 
Muricidae) from Galicia (Northwestern Spain). Journal of Molluscan Studies. 2004;70:179-
185. DOI: 10.1093/mollus/70.2.179
Biological Resources of Water160
[30] Ballantine WJ. A biologically-defined exposure scale for the comparative description of 
rocky shores. Field Studies. 1961;1:1-19
[31] Shurlock BC, Pepper DS, Hawkins SJ, Mieszkowska N. Real-time rotation of the multi-
spiral operculum of Phorcus lineatus (da Costa, 1778) (Gastropoda: Trochidae): Evidence 
for a semidiurnal rhythm and its use in growth studies. Journal of Molluscan Studies. 
2017;83:211-219. DOI: 10.1093/mollus/eyx010
[32] Ekaratne SUK, Crisp DJ. Tidal micro-growth bands in intertidal gastropod shells, with 
an evaluation of band-dating techniques. Proceedings of the Royal Society of London – 
Series B: Biological Sciences. 1982;214:305-323
[33] Crothers JH. Student investigations of the population structure of the common topshell, 
Monodonta lineata on The Gore, Somerset. Field Studies. 1994;8:337-355
[34] Llano AS, Ito A, Fujinaga K, Nakao S. Age determination of Buccinium isaotakii (Gastr-
opoda: Buccinidae) from the growth striae on operculum and growth under laboratory 
conditions. Aquaculture. 2004;242:181-195. DOI: 10.1016/j.aquaculture.2004.03.028
[35] Barroso CM, Nunes M, Richardson CA, Moreira MH. The gastropod statolith: A tool for 
determining the age of Nassarius reticulatus. Marine Biology. 2005;146:1139-1144
[36] Crothers JH. A hot summer, cold winters, and the geographical limit of Trochocochlea lin-
eata in Somerset. Hydrobiologia. 1998;378:133-141
[37] McQuaid CD. The establishment and maintenance of vertical size gradients in popula-
tions of Littorina africana knysnaensis (Philippi) on an exposed rocky shore. Journal of 
Experimental Marine Biology and Ecology. 1981;54:77-89. DOI: 10.1016/0022-0981(81) 
90104-0
[38] Underwood AJ. The biology of gastropods. Advances in Marine Biology. 1979;16:111-210
[39] Brown KM, Quinn JF. The effect of wave action on growth in three species of intertidal 
gastropods. Oecologia. 1988;75(3):420-425. DOI: 10.100/BF00376946
[40] Mannino MA, Thomas KD, Leng MJ, Sloane HJ. Shell growth and oxygen isotopes in 
the topshell Osilinus turbinatus: resolving past inshore sea surface temperatures. Geo-
Marine Letters. 2008;28:309-325. DOI: 10.1007/s00367-008-0107-5
[41] Fretter V, Graham A. The prosobranch mollucs of Britain and Denmark. I. Pleurotoma-
riacea, Fissurellacea and Patellacea. Journal of Molluscan Studies. 1976;1(Suppl):1-37
[42] Ramírez R, Tuya F, Haroun R. Efectos potenciales del marisqueo sobre moluscos gas-
terópodos de interés comercial (Osilinus spp. y Patella spp.) en el Archipiélago Canario. 
Revista de Biología Marina y Oceanografía. 2009;44(3):703-714. DOI: 10.4067/S0718- 
19572009000300016
[43] Williams EE. The growth and distribution of Monodonta lineata (da Costa) on a rocky 
shore in Wales. Field Studies. 1965;2:189-198
Marine Snails of the Genus Phorcus: Biology and Ecology of Sentinel Species for Human Impacts…
http://dx.doi.org/10.5772/intechopen.71614
161
[44] Desai BN. The biology of Monodonta lineata (Da Costa). Proceedings of the Malacological 
Society of London. 1966;37:1-17. DOI: 10.1093/oxfordjournals.mollus.a064970
[45] Orton JH, Southward AJ, Dodd JM. Studies on the biology of limpets II. The breeding 
of Patella vulgata L. in Britain. Journal of the Marine Biological Association of the UK. 
1956;35:149-176. DOI: 10.1017/S0025315400009036
[46] Garwood PR, Kendall MA. The reproductive cycles of Monodonta lineata and Gibbula 
umbilicalis on the coast of mid-Wales. Journal of the Marine Biological Association of the 
UK. 1985;65:993-1008. DOI: 10.1017/S0025315400019470
[47] Bode A, Lombas I, Anadon N. Preliminary studies on the reproduction and popula-
tion dynamics of Monodonta lineata and Gibbula umbilicalis (Mollusca, Gastropoda) on 
the central coast of Asturias (N. Spain). Hydrobiologia. 1986;142:31-39. DOI: 10.1007/
BF00026745
[48] Graham AFRS. Molluscs: Prosobranch and pyramidellid gastropods. Synopses of the 
British Fauna. 1988;2:1-662
[49] Schifano G. Allometric growth as influenced by environmental temperature in Monodonta 
turbinata shells. Palaeogeography Palaeoclimatology Palaeoecology. 1983;44:215-222. 
DOI: 10.1016/0031-0182(83)90104-9
[50] Nakin MDV, McQuaid CD. Marine reserve effects on population density and size 
structure of commonly and rarely exploited limpets in South Africa. African Journal of 
Marine Science. 2014;3:1-9. DOI: 10.2989/1814232X.2014.946091
[51] Parkington J. Coastal settlement between the mouth of the Berg and Olifants Rivers, 
Cape Province. South African Archaeological Bulletin. 1976;31:127-140
[52] Yesner DR. Population pressure in coastal environments: An archaeological test. World 
Archaeology. 1984;16(1):108-127
[53] García-Escárzaga A, Gutiérrez-Zugasti I, González-Morales MR, Cobo-García A. Shells 
and humans: Molluscs and other coastal resources from the earliest human occupations 
at the Mesolithic Shell Midden of El Mazo (Asturias, Northern Spain). Papers from the 
Institute of Archaeology. 2017;27(1):1-17. DOI: 10.5334/pia-481
[54] Hockey PAR, Bosman AL. Man as an intertidal predator in Transkei: Disturbance, com-
munity convergence and management of a natural food resource. Oikos. 1986;46:3-14. 
DOI: 10.2307/3565373
[55] Mannino MA, Thomas KD. Intensive Mesolithic exploitation of coastal resources? 
Evidence from a shell deposit on the Isle of Portland (southern England) for the impact 
of human foraging on populations of inter-tidal rocky shore molluscs. Journal of 
Archaeological Science. 2001;28:1101-1114. DOI: 10.1006/jasc.2001.0658
[56] Mannino MA, Spiro BF, Thomas KD. Sampling shells for seasonality: oxygen isotope 
analysis on shell carbonates of the inter-tidal gastropod Monodonta lineata (da Costa) 
Biological Resources of Water162
from populations across its modern range and from a Mesolithic site in southern Britain. 
Journal of Archaeological Science. 2003;30:667-679. DOI: 10.1016/S0305-4403(02)00238-8
[57] Jones TL, Kennett DJ, Kennett JP, Codding BF. Seasonal stability in Late Holocene 
shellfish harvesting on the central California coast. Journal of Archaeological Science. 
2008;35(8):2286-2294. DOI: 10.1016/j.jas.2008.03.002
[58] Gutiérrez-Zugasti I, García-Escárzaga A, Martín-Chivelet J, González-Morales MR. 
Determination of sea surface temperatures using oxygen isotope ratios from Phorcus 
lineatus (Da Costa, 1778) in northern Spain: Implications for palaeoclimate and archae-
ological studies. The Holocene. 2015;25(6):1002-1014. DOI: 10.1177/095968361557 
4892
[59] Colonese AC, Vetro D, Martini F. Holocene coastal change and intertidal mollusc exploi-
tation in the central mediterranean: Variations in shell size and morphology at Grotta 
d’Oriente (Sicily). Archaeofauna. 2014;23:181-192
[60] Marra S, de Lucia GA, Camedda A, Esinosa F, Coppa S. New records of the distribu-
tion and conservation status of the endangered limpet Patella ferruginea in Sardinia 
(Italy, W Mediterranean). Aquatic Conservation: Marine and Freshwater Ecosystems 
2015;26(3):607-612. DOI: 10.1002/aqc.2615
[61] Crowder L, Norse E. Norse essential ecological insights for marine ecosystem-based 
management and marine spatial planning. Marine Policy. 2008;32:772-778. DOI: 10.1016 
/j.marpol.2008.03.012
[62] Nuñez J, Brito MC, Riera R, Docoito JR, Monterroso O. Distribución actual de las pobla-
ciones de Patella candei D’Orbigny, 1840 (Mollusca, Gastropoda) en las islas Canarias. 
Una especie en peligro de extinción. Boletin del Instituto Espanol de Oceanografia. 
2003;19(1-4):371-377
[63] Guerra-García JM, Corzo J, Espinosa F, García-Gómez JC. Assessing habitat use of the 
endangered marine mollusk Patella ferruginea (Gastropoda, Patellidae) in the northern 
Africa: preliminary results and implications for conservation. Biological Conservation. 
2004;16:319-326. DOI: 10.1016/S0006-3207(03)00201-5
[64] Cheour MK, Cherif M, Messaoud RB, Aloui-bejaoui N, Afli A. Evaluation et cartogra-
phie du stock du gasteropode trochide Phorcus articulatus (Lamarck, 1822) le long du 
littoral des Iles Kerkennah (Golfe de Gabes, Tunisie). Bulletin de l’ Institut National des 
Sciences et Technologies de la Mer de Salammbô. 2014;41:37-49
[65] González JA, Pajuelo JG, Lorenzo JM, Santana JI, Tuset VM, Jiménez S, Perales-Raya C, 
González-Lorenzo G, Martín-Sosa P, Lozano IJ. Talla mínima de captura de peces, crus-
táceos y moluscos de interés pesquero en Canarias. Una propuesta científica para su 
conservación. Las Palmas de Gran Canaria: Viceconsejería de Pesca del Gobierno de 
Canarias; 2012. 252 p
[66] Silva FA, Menezes CA. Elucidário Madeirense – I Volume A-E. 1921. Tipografia 
Esperança: Funchal; 1921. 826 p
Marine Snails of the Genus Phorcus: Biology and Ecology of Sentinel Species for Human Impacts…
http://dx.doi.org/10.5772/intechopen.71614
163
[67] Grupta SK, Singh J. Evaluation of mollusc as sensitive indicator of heavy metal pollution 
in aquatic system: A review. Institute of Integrative Omics and Applied Biotechnology 
Journal. 2011;2(1):49-57
[68] Zorita I, Apraiz I, Ortiz-Zarragoitia M, Orbea A, Cancio I. Assessment of biological effects 
of environmental pollution along the NW Mediterranean Sea using mussels as sentinel 
organisms. Environmental Pollution. 2007;148:236-250. DOI: 10.1016/j.envpol.2006.10.022
[69] Belhaouari B, Rouane-Hacene O, Bouhadiba S, Boutiba Z. Utilisation d’un Gastéropode 
marin Osilinus turbinatus en biosurveillance marine: Application aux métaux lourds du 
littoral algérien occidental. Journal des Sciences Halieutique et Aquatique. 2011;1(3):89-96
[70] Irnidayanti Y. Toxicity and traces of Hg, Pb and Cd in the hepatopancreas, gills and mus-
cles of Perna viridis from Jakarta Bay, Indonesia. Pakistan Journal of Biological Sciences. 
2015;18:94-98. DOI: 10.3923/pjbs.2015.94.98
[71] Peña E, Conde JE, García Montelongo F. Evaluation of Osilinus atratus as a bioindica-
tor organism to monitor oil pollution in the Canary Islands. Archives of Environmental 
Contamination and Toxicology. 1996;31:444-452
[72] Amiard JC, Triquet CA, Barka S, Pellerin J, Rainbow PS. Metallothioneins in aquatic 
invertebrates. Their role in metal detoxification and their use as biomarkers. Aquatic 
Toxicology. 2006;76:160-202. DOI: 10.1016/j.aquatox.2005.08.015
[73] Fowler SW, Oregioni B. Trace metals in mussels from the N.W. Mediterranean. Marine 
Pollution Bulletin. 1976;7(2):26-29. DOI: 10.1016/0025-326X(76)90306-4
[74] Foster P, Chacko J. Minor and trace elements in the shell of Patella vulgata (L .). Marine 
Environmental Research. 1995;40:55-76. DOI: 10.1016/0141-1136(94)00005-A
[75] Conti ME, Cecchetti G. A biomonitoring study: Trace metals in algae and molluscs from 
Tyrrhenian coastal areas. Environmental Research. 2003;93(1):99-112. DOI: 10.1016/S0013- 
9351(03)00012-4
[76] Houlihan D, Innes AJ. Oxygen consumption, crawling speeds, and cost of transport 
in four Mediterranean intertidal gastropods. Journal of Comparative Physiology B. 
1982;147(1):113-121. DOI: 10.1007/BF00689299
[77] Boulajfene W, Strogyloudi E, Vassiliki-Angelique C, El Mlayah A, Tlig-Zouari S. Bio-
monitoring of metal impact on metallothioneins levels in the gastropod Phorcus turbinatus 
(Born, 1778) in the northeastern and the eastern coasts of Tunisia. Marine Pollution Bulletin. 
2017;120(1-2):274-285. DOI: 10.1016/j.marpolbul.2017.05.022
[78] Boucetta S, Beldi H, Draredja B. Seasonal variation of heavy metals in Phorcus (Osilinus) 
turbinatus (Gastropod, Trochidae) in the Eastern Algerian Coast. Global Veterinaria. 
2016;17(1):25-41. DOI: 10.5829/idosi.gv.2016.17.01.104129
[79] Bordbar L, Dassenakis M, Catsiki VA, Megalofonou P. Influence of a ferronickel smelt-
ing plant activity on the coastal zone through investigation of metal bioaccumulation on 
Biological Resources of Water164
two gastropod species (Patella caerulea and Phorcus turbinatus). Journal of Environmental 
& Analytical Toxicology. 2015;S7:1-9. DOI: 10.4172/2161-0525.S7-004
[80] Cabral-Oliveira J, Pratas J, Mendes S, Pardal MA. Trace elements in edible rocky shore 
species: Effect of sewage discharges and human health risk implications. Human and 
Ecological Risk Assessment. 2015;21:135-145. DOI: 10.1080/10807039.2014.890480
[81] Gutiérrez-Zugasti I, Cuenca-Solana D. Biostratigraphy of shells and climate changes in 
the Cantabrian region (Northern Spain) during the Pleistocene-Holocene transition. In: 
Szabó K, Dupont C, Dimitrijevic V, Gastélum LG, Serrand N, editors. Archaeomalacology: 
Shells in the Archaeological Record. 1st ed. Oxford: Publishers of British Archaeological 
Reports; 2014. pp. 225-234.
[82] Álvarez-Fernández E. Upper Pleistocene-early Holocene transition at La Garma A Cave 
(Omoño, Cantabria, Spain): Preliminary report on the Marine Molluscs. In: Bailey GN, 
Hardy K, Camara A, editors. Shells Energy. Mollusc Shells as Coastal Resources. 1st ed. 
Oxford: Oxbow Books; 2013. p. 167-181
[83] IPCC. Contribution of working groups I, II and III to the fourth assessment report of 
the intergovernmental panel on climate change. In: Pachauri RK, Reisinger A, editors. 
Climate Change 2007 Synthesis Report. Geneva: IPCC; 2007. p. 1-104
[84] Hansen J, Sato M, Ruedy R, Kharecha P, Lacis A, Miller R, Nazarenko L, Lo K, Schmidt GA, 
Russell G, Aleinov I, Bauer S, Baum E, Cairn B, Canuto V, Chandler M, Cheng Y, Cohen A, 
Del Genio A, Faluvegi G, Fleming E, Friend A, Hall1 T, Jackman C, Jonas J, Kelley M, 
Kiang NY, Koch D, Labow G, Lerner J, Menon S, Novakov T, Oinas V, Perlwitz J, Perlwitz J, 
Rind D, Romanou A, Schmunk R, Shindell D, Stone P, Sun S, Streets D, Tausnev N, 
Thresher D, Unger N, Yao M, Zhang S. Dangerous human-made interference with climate: 
A GISS modelE study. Atmospheric Chemistry and Physics. 2007;7:2287-2312
[85] Brierley AS, Kingsford MJ. Impacts of climate change review on marine organisms 
and ecosystems and climate change monitoring: Status of knowledge and challenges. 
Current Biology. 2009;19:602-614. DOI: 10.1016/j.cub.2009.05.046
[86] IPCC. Contribution of working group I to the fourth assessment report of the intergovern-
mental panel on climate change. In: Solomon S, Qin D, Manning M, Chen Z, Marquis M, 
Averyt KB, Tignor M, Miller HL, editors. Climate Change 2007: The Physical Science 
Basis. Cambridge: Cambridge University Press; 2007. p. 1-996
[87] Barry JP, Baxter CH, Sagarin RD, Gilman SE. Climate-related, long-term faunal changes 
in a California rocky intertidal community. Science. 1995;267(5198):672-675. DOI: 10.1126/ 
science.267.5198.672
[88] Helmuth B, Mieszkowska N, Moore PJ, Hawkins SJ. Living on the edge of two chang-
ing worlds: Forecasting the responses of rocky intertidal ecosystems to climate change. 
Annual Review of Ecology, Evolution, and Systematics. 2006;37(1):373-404. DOI: 10.1146/
annurev.ecolsys.37.091305.110149
Marine Snails of the Genus Phorcus: Biology and Ecology of Sentinel Species for Human Impacts…
http://dx.doi.org/10.5772/intechopen.71614
165
[89] Root TL, Price JT, Schneider SH, Rosenzweig C, Pounds JA. Fingerprints of global 
warming on wild animals and plants. Nature. 2003;421(6918):57-60. DOI: 10.1038/
nature01333
[90] Ricketts EF, Calvin J, Hedgepeth JW, Phillips DW. Between Pacific Tides. 5th ed. 
Stanford: Stanford University Press; 1985 680 p
[91] Southward AJ, Hawkins SJ, Burrows MT. Seventy years' observations of changes in 
distribution and abundance of zooplankton and intertidal organisms in the western 
English Channel in relation to rising sea temperature. Journal of Thermal Biology. 
1995;20:127-155. DOI: 10.1016/0306-4565(94)00043-I
[92] Fields PA, Graham JB, Rosenblatt RH, Somero GN. Effects of expected global climate 
change on marine faunas. Trends in Ecology & Evolution. 1993;8(10):361-367. DOI: 
10.1016/0169-5347(93)90220-J
[93] Harley CDG, Randall Hughes A, Hultgren KM, Miner BG, Sorte CJB, Thornber CS, 
Rodriguez LF, Tomanek L, Williams SL. The impacts of climate change in coastal 
marine systems. Ecology Letters. 2006;9:228-241. DOI: 10.1111/j.1461-0248.2005.00871.x
[94] Connell JH. Community interactions on marine rocky intertidal shores. Annual Review 
of Ecology. 1972;3:169-192. DOI: 10.1146/annurev.es.03.110172.001125
[95] Helmuth B. How do we measure the environment? Linking intertidal thermal 
physiology and ecology through biophysics. Integrative and Comparative Biology. 
2002;42(4):837-845. DOI: 10.1093/icb/42.4.837
[96] Massa SI, Arnaud-Haond S, Pearson GA, Serrão EA. Temperature tolerance and survival 
of intertidal populations of the seagrass Zostera noltii (Hornemann) in Southern Europe 
(Ria Formosa, Portugal). Hydrobiologia. 2009;619(1):195-201. DOI: 10.1007/s10750- 
008-9609-4
[97] Elvin DW, Gonor JJ. The thermal regime of an intertidal Mytilus Californianus conrad 
population on the central Oregon coast. Journal of Experimental Marine Biology and 
Ecology. 1979;39(3):265-279. DOI: 10.1016/0022-0981(79)90130-8
[98] Helmuth B. From cells to coastlines: How can we use physiology to forecast the 
impacts of climate change? Journal of Experimental Marine Biology and Ecology. 
2009;212(6):753-760. DOI: 10.1242/jeb.023861
[99] Sanders HL. Benthic studies in Buzzards Bay. I. Animal-sediment relationships. Lim-
nology and Oceanography. 1958;3:245-258. DOI: 10.4319/lo.1958.3.3.0245
[100] Davenport J, MacAlister H. Environmental conditions and physiological tolerances 
of intertidal fauna in relation to shore zonation at Husvik, South Georgia. Journal of 
the Marine Biological Association of the UK. 1996;76:985-1002. DOI: 10.1017/S0025 
315400040923
[101] Burnett LE. The challenges of living in hypoxic and hypercapnic aquatic environments. 
American Zoologist. 1997;37:633-640. DOI: 10.1093/icb/37.6.633
[102] Dahlhoff EP, Menge BA. Influence of phytoplankton concentration and wave expo-
sure on the ecophysiology of Mytilus Californianus. Marine Ecology Progress Series. 
1996;144:97-107. DOI: 10.3354/meps144097
Biological Resources of Water166
[103] Southward AJ, Langmead O, Hardman-Mountford NJ, Aiken J, Boalch GT, Dando PR, 
Genner MJ, Joint I, Kendall MA, Halliday NC, Harris RP, Leaper R, Mieszkowska N, 
Pingree RD, Richardson AJ, Sims DW, Smith T, Walne AW, Hawkins SJ. Long-term 
oceanographic and ecological research in the Western English Channel. Advances in 
Marine Biology. 2005;47:1-105. DOI: 10.1016/S0065-2881(04)47001-1
[104] Mieszkowska N, Hawkins SJ, Burrows MT, Kendall MA. Long-term changes in the 
geographic distribution and population structures of Osilinius lineatus (Gastropoda: 
Trochidae) in Britain and Ireland. Journal of the Marine Biological Association of the 
UK. 2007;87:537-545. DOI: 10.1017/S0025315407053799
[105] Mieszkowska N, Kendall MA, Hawkins SJ, Leaper R, Williamson P, Hardman-Mountford 
NJ, Southward AJ. Changes in the range of some common rocky shore species in 
Britain—A response to climate change? Hydrobiologia. 2006;555:241-251. DOI: 10.1007/ 
s10750-005-1120-6
[106] Crisp DJ. The effects of the severe winter of 1962-63 on marine life in Britain. The Journal 
of Animal Ecology. 1964;33:165-210. DOI: 10.2307/2355
[107] Lewis JR, Bowman RS, Kendall MA, Williamson P. Some geographical components in 
population dynamics: Possibilities and realities in some littoral species. Journal of Sea 
Research. 1982;16:18-28. DOI: 10.1016/0077-7579(82)90013-8
[108] GISTEMP TEAM: GISS Surface Temperature Analysis (GISTEMP). NASA Goddard 
Institute for Space Studies. 2016. Available from: https://data.giss.nasa.gov/gistemp/ 
[Accessed: Sep 8, 2017]
[109] Hansen J, Ruedy R, Sato M, Lo K. Global surface temperature change. Reviews of Geo-
physics. 2010;48:RG4004. DOI: 10.1029/2010RG000345
[110] Hutchins LW. The bases for temperature zonation in geographical distribution. 
Ecological Monographs. 1947;17:325-335. DOI: 10.2307/1948663
[111] Burrows MT, Schoeman DS, Buckley LB, Moore P, Poloczanska ES, Brander KM, Brown C, 
Bruno JF, Duarte CM, Halpern BS, Holding J, Kappel CV, Kiessling W, O'Connor MI, 
Pandolfi JM, Parmesan C, Schwing FB, Sydeman WJ, Richardson AJ. The pace of shift-
ing climate in marine and terrestrial ecosystems. Science. 2011;334(6056):652-655. DOI: 
10.1126/science.1210288
[112] Lima FP, Wethey DS. Three decades of high-resolution coastal sea surface temperatures 
reveal more than warming. Nature Communications. 2012;3(704):1-13. DOI: 10.1038/
ncomms1713
[113] Hawkins SJ, Southward AJ, Genner MJ. Detection of environmental change in a 
marine ecosystem – evidence from the western English Channel. Science of the Total 
Environment. 2003;310:245-256. DOI: 10.1016/S0048-9697(02)00645-9
[114] Lima FB, Queiroz N, Ribeiro PA, Hawkins SJ, Santos AM. Recent changes in the 
distribution of a marine gastropod, Patella rustica Linnaeus, 1758, and their relation-
ships to unusual climatic events. Journal of Biogeography. 2006;33:812-822. DOI: 
10.1111/j.1365-2699.2006.01457.x
Marine Snails of the Genus Phorcus: Biology and Ecology of Sentinel Species for Human Impacts…
http://dx.doi.org/10.5772/intechopen.71614
167

